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Organized microtubule arrays in -tubulin-depleted Drosophila
spermatocytes
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To assess the role of -tubulin in spindle assembly Results and discussion
Two -tubulin isoforms have been identified in Drosoph-in vivo, we have followed meiosis progression by
immunofluorescence and time-lapse video ila, Tub37C and Tub23C. Tub37C is largely re-
stricted to the female germ line and early stages of em-microscopy in Tub23CPI mutant spermatocytes.
We have found that centrosomes associate with bryogenesis [1, 2, 3]. The TUB23C isoform, on the other
hand, is expressed in a variety of tissues in both sexes andlarge numbers of astral microtubules even though
is the only isoform present in testes [2, 4, 5]. Genetic, bio--tubulin is severely depleted; bipolar meiotic
chemical, and cytological data suggest that the Tub23CPIspindles are never assembled; and later in meiosis,
mutant allele leads to a very severe loss of function ofthe microtubules get organized into a conical
the Tub23C gene and thus to a severe reduction of thestructure that is never observed in wild-type cells.
levels of -tubulin in mutant testes ([4]; also see theSeveral lines of evidence suggest that these cones
Supplementary material available with this article online).may be related to wild-type central spindles. First,
they are assembled midway through meiosis and
At the onset of meiosis, the two asters segregate normallyelongate during anaphase. Second, they are
in Tub23CPI mutant spermatocytes, but soon afterwards,constricted during late meiosis, giving rise to a
they collapse back together again (asterisks in Figure 1e).pointed end similar to those that form in each half
As meiosis proceeds, the normal figures found in controlof the wild-type spindle midzone. Third, Klp3A and
cells (Figure 1b,c) are never observed in Tub23CPI sper-Polo, two markers of the wild-type central spindle
matocytes. Instead, the microtubules form cone-shapedare also found around the pointed end of the mutant
structures (Figure 1f,g), one per cell, with a pointed endcones. Finally, ectopic cytokinesis furrows are
(arrowheads) and the two asters fused or very close tooften formed at the distal end of the cone. Our results
each other at the base (asterisk). Such figures had not beensuggest that microtubule polymerization or
reported before in other meiotic mutants in Drosophila [6,stabilization from the centrosome may be possible
7]. Tub23CPI early spermatid cysts contain only 16 cells,in a -tubulin-independent manner in Drosophila
and each spermatid has several nuclei of different sizesspermatocytes. However, -tubulin seems to be
associated with a single large nebenkern, revealing theessential for spindle assembly in these cells.
failure of the two meiotic divisions. (Figure 1h) (also seeFinally, our results show that at least part of the
the Supplementary material). Around 75% of these cystscentral spindle and constriction-ring assembly
contain small anuclear and anastral cell fragments thatmachinery can operate on microtubule bundles that
carry a small nebenkern (arrows in Figure 1h), suggestingare not organized as bipolar spindles.
that some highly asymmetric cytokinesis takes place in
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The abundance of microtubules in Tub23CPI spermato-
cytes is quite remarkable given the very low -tubulin
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Figure 1
Phase-contrast images of unfixed (a–d) wild-
type and (e–h) Tub23CPI mutant testis. (a)
By late prophase, the phase-dark membranes
that associate with the microtubules are well
organized into asters (indicated by asterisks)
located at opposite sides within wild-type
spermatocytes. (e) Aster segregation also
occurs in Tub23CPI mutant spermatocytes,
but is not maintained, resulting in deformed
nuclei with two indentations occupied by the
two asters as they progressively approach
each other. (b,c) The meiotic figures found
in wild-type primary spermatocytes are bipolar,
with two asters at each side of the spindle.
The spindle microtubules are associated with
phase-dark membranes (pdm). Different
stages of meiosis from anaphase to telophase
can be observed in this cyst. After telophase,
the spindle is constricted in the middle
(arrowheads), and one daughter nucleus (nu)
is formed at each pole. (f,g) None of these
figures are found in Tub23CPI mutant
spermatocytes, in which the only organized
arrays are cone shaped, with a pointed end
(arrowheads) and a single aster (asterisk) at
the base. One or more nuclei can often be
seen associated with the aster. (d) Successful
completion of the two meiotic divisions in the
wild-type generates cysts of 64 early
spermatids, each containing a phase-light
nucleus (nu) and a phase-dark mitochondrial
derivative (nebenkern; nb). (h) Early
spermatid cysts in Tub23CPI males contain
only 16 cells that have a large nebenkern
associated with a few nuclei (nu) of different
sizes. Several small cellular fragments
containing only a small nebenkern (arrows) are
also present in these mutant cysts. The scale
bar represents 10 m, except for in (c)
and (g).
levels observed in these cells. If the leaky function pro- some-independent pathway has been reported in several
experimental models, including Drosophila neuroblastsvided by this mutant allele is able to sustain the observed
levels of microtubule polymerization, -tubulin must be and spermatocytes, in vitro [11] and in vivo [12] [13–16].
We do not understand the reason for this failure to orga-present in vast excess in wild-type spermatocytes. Alter-
natively, microtubule polymerization and stabilization at nize the meiotic spindle. A simple explanation could be
the presence of impaired, but partially functional, centro-the centrosome may not be completely dependent upon
-tubulin in these cells. This interpretation is also sup- somes that may still function as the majorMTOCs (micro-
tubule organizing centers) in these cells, thus overridingported by previous work carried out in Drosophila, Caeno-
rhabditis elegans, and Schizosaccharomyces pombe [3, 4, 8–10]. the organizing activity of the acentrosomal spindle assem-
bly pathway. This hypothesis is not supported by the
absence of organized spindles in Tub23CPI asl double-However, despite the presence of a significant number
of microtubules, bipolar spindles are never assembled in mutant spermatocytes (data not shown). However, some
centrosomal function may still remain in the double mu-Tub23CPI mutant spermatocytes. This is a surprising re-
sult given that spindle self-assembly through a centro- tant. In this regard, it would be very interesting to investi-
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Figure 2
Images of testis squashes showing
microtubules (green) and DNA (blue) in (a–c)
wild-type and (d–f) Tub23CPI mutant testis.
Well-organized asters can be observed
during prophase in (a) wild-type and (d)
Tub23CPI mutant spermatocytes. (b)
Bipolar spindles in the wild-type at
prometaphase. (c) A disorganized meshwork
of microtubles surrounds the condensed
chromosomes at this stage in the mutant. (c)
Telophase spindles in the wild-type showing
the remains of the central spindle cleaved in
two halves by the cytokinesis furrow
(arrowheads). (d) The only organized
microtubule arrays found in the mutant are
cone shaped with a pointed end
(arrowheads) and a broad base. A few nuclei
(nu) of different sizes are always located at
the base. The scale bar represents 10 m.
gate the phenotype of cnn Tub23CPI double-mutant the two asters that had initially segregated collapse back
together again [10]. As meiosis proceeds in the mutantspermatocytes. An alternative interpretation could be that
cells (Figure 3g), the condensed bivalents (black arrow)the dynamic properties of the microtubules present in
are clearly visible, and a large number of microtubules isTub23CPI cells are such that they no longer serve as good
revealed by their association with phase-dark membranessubstrates for the organizing activities of the molecular
(pdm in Figure 3g). At this stage, most microtubules aremotors involved in the acentrosomal spindle assembly
sorted into two populations that emanate from each aster.pathway [17].
Their distal ends can be seen moving along the cell mem-
brane, becoming clustered at one side of the cell. Coincid-
To get a better understanding of the process of assembly ing with the separation of the homolog univalents (Figure
of the cones found in Tub23CPI spermatocytes, we fol- 3h, arrows), and thus at a stage similar to anaphase, the
lowed meiosis in these cells by time-lapse microscopy. At microtubule array found in the mutant starts to elongate
late prophase, the two mutant asters that had previously and continues to do so until the new nuclear envelopes
migrated apart start to approach each other, and the re- are formed (Figure 3i). Finally, this microtubule network
mains of the nuclear envelope become deformed (Figure is disassembled at the end of meiosis I (Figure 3j). Thus,
3f). Similar results have been observed in C. elegans em- the time of organization and elongation of the cone found
in Tub23CPI spermatocytes corresponds with the timingbryos in which, following Tub inactivation by RNAi,
Brief Communication 1791
Figure 3 of organization and elongation of the wild-type central
spindle.
Given the similarities in the dynamics of assembly and
elongation ofmutant cones andwild-type central spindles,
we decided to investigate the presence of commonmolec-
ular components. To this end, we studied the localization
of the wild-type central spindle markers Polo and Klp3A
[18, 19] in the mutant cones. Immediately before nuclear
envelope breakdown, the V-shaped centrosomes charac-
teristic of these cells [20] are strongly labeled by a func-
tional GFP-Polo fusion [21] that, at this stage, also very
distinctively labels the nucleolus. Two pairs of centro-
somes can be seen at nearly opposite sides of the nucleus,
both in wild-type and in Tub23CPI mutant spermatocytes
(arrows in Figure 4a,a,e,e). However, as meiosis pro-
ceeds in the mutant, the centrosomes get closer to each
other and the spindle fails to become organized (Figure
4f,f). When the microtubule cone is formed, the GFP-
Polo fusion strongly accumulates at the pointed end (ar-
rowhead in Figure 4g,g; also see the Supplementary ma-
terial), just as it does in the wild-type spindle midzone
(Figure 4c,c). It also labels the centrosomes in both wild-
type andmutant cells. During cytokinesis, GFP-Polo colo-
calizes with the constriction ring in the wild-type (arrow-
heads in Figure 4d,d). In those instances in which highly
asymmetric cytokinesis take place in the mutant cells,
the GFP-Polo fusion is localized near the furrow (Figure
4h,h). Similar results were obtained with Klp3A. In wild-
type spermatocytes, the kinesin-like protein Klp3A accu-
mulates in the central spindle midzone (Figure 4i) [19].
In Tub23CPI mutant spermatocytes, Klp3A is found at
the pointed end of the cone (Figure 4j). Therefore, at
least part of the machinery involved in the assembly of
the constriction ring may also be used to organize the
pointed end of the cone.
Therefore, the cone-shaped microtubule arrays found in
Tub23CPI mutant spermatocytes bear some striking simi-
larities to wild-type central spindles (schematically shown
in Figure 4k,l). First, they are assembled midway through
Time-lapse series of (a–e) wild-type and (f–j) Tub23CPI
meiosis and elongate soon afterwards, just as wild-typespermatocytes during meiosis I. (a) At prometaphase, in the wild-
central spindles do during anaphase B. Second, they aretype, the two asters (asterisks) are diametrically opposed to each other
near the outline of the remains of the nuclear envelope. (f) At this constricted during late meiosis, giving rise to a pointed
stage, the mutant asters are getting closer to each other and the end similar to those that form in each half of the wild-
nucleus is being deformed. (b) By late prometaphase, the bivalents
type central spindle during telophase. Third, Klp3A and(double arrow) are fully condensed, sitting on the middle of the spindle.
Polo, two of the proteins localized in the wild-type centralThe spindle is associated with numerous phase-dark membranes (pdm).
(g) Microtubule polymerization and organization is very intense at this spindle midzone that are required for the recruitment of
stage in the mutant. Essentially, the microtubules are being sorted into several components of the contractile ring [18, 19, 22,
two populations that emanate from each aster toward the cell 23], are also found around the distal pointed end of themembrane. They get clustered through a circular movement (white
long arrows) on one side of the cell, which accumulates most of the
phase-dark membranes. (c) As the homolog chromosomes (arrows)
segregate during anaphase, the wild-type central spindle starts to
disassembled, and the cytokinesis furrow (arrowheads) cleaves theelongate and so does the (h) microtubule bundle in the mutant. (d,i)
cell into two secondary spermatocytes. (j) In the mutant, at the endThe elongation of both the wild-type spindle and the mutant cone
of meiosis, the cone is also disassembled.continues until the new nuclei (nu) are formed. (e) During cytokinesis,
the wild-type spindle and the associated membranes are
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Figure 4
Localization of GFP-Polo and Klp3A at various
stages of meiosis in (a–d,i) wild-type and
(e–h,j) Tub23CPI spermatocytes. (a)–(d)
and (e)–(h) are phase-contrast images
corresponding to (a)–(d) and (e)–(h),
respectively. (a–h) Images were obtained
from unfixed squashed preparations. Until late
prophase, the GFP-Polo chimera reveals the
characteristic V-shaped centriole pairs
(arrows) at each side of the nucleus (nu) in
both (a,a) control and (e,e) mutant cells. (b)
In the wild-type, between late prometaphase
and late anaphase A, the GFP-Polo chimera
decorates part of the bipolar spindle, the
kinetochores, and the centrosomes. At a
similar stage, the mutant centriole pairs
(arrows in [f]), which are right in the middle
of each aster (asterisks in [f]), are closer to
each other, and no bipolar spindle is organized.
At telophase, in the wild-type, GFP-Polo is
found in the centrosomes (arrows in [c]) and
in the middle of the central spindle
(arrowheads in [c] and [c]). GFP-Polo is also
very prominent in the wild-type central spindle
coinciding with the constriction ring that
cleaves the cell during cytokinesis
(arrowheads in [d] and [d]). In the mutant
cones, GFP-Polo reveals the two
centrosomes positioned together within a
single aster (arrows in [g]) as well as the
pointed end of the cone (arrowheads in [g]
and [g]). When cleavage occurs in the
mutant cells, a small anastral anuclear cell
fragment is produced that contains a fraction
of the phase-dark mitochondrial derivative (nb,
[h,h]). In these cases, GFP-Polo is found
near the constriction ring (arrowheads). (i) and
(j) are images of fixed spermatocytes
immunostained for tubulin (green) and Klp3A
(red) and counterstained for DNA (blue). The
midzone marker Klp3A stains a ring in the
middle of the central spindle in wild-type
spermatocytes (arrowheads) and the pointed
end of the cone in Tub23CPI mutant
spermatocytes. (k,l) A schematic view of the
organization of (i) wild-type and (j) Tub23CPI
spermatocytes. Except for the number of
chromosomes and centrosomes, the cones
found in Tub23CPI mutant flies strongly
resemble half of a wild-type telophase
spindle. Yellow indicates microtubules, blue
indicates DNA, red indicates centrosomes,
and green indicates the constriction ring. The
scale bar represents 10 m, except for in (i)
and (j).
mutant cones. Finally, highly asymmetric cytokinesis can dle assembly, and allows for the activity of the mecha-
nisms that organize central spindles.occur within Tub23CPI mutant cells at the distal end of
the cone.
Supplementary material
Supplementary material including Materials and methods, Western blotIn summary, we have found that the depletion of -tubu- analysis of the levels of -tubulin in the Tub23C mutant flies, immunoflu-
lin caused by the Tub23CPI mutant allele does not prevent orescence localization of -tubulin during spermatiogenesis, phenotypes
that are not reported in the manuscript, the videos from which Figure 3microtubule polymerization or stabilization, abolishes spin-
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